ABSTRACT: Triblock and diblock copolymers based on isoprene (Ip) and chloromethylstyrene (CMS) were synthesized by sequential polymerization using reversible addition− fragmentation chain transfer radical polymerization (RAFT). The block copolymers were quaternized with tris(2,4,6-trimethoxyphenyl)phosphine (Ar 3 P) to prepare soluble ionomers. The ionomers were cast from chloroform to form anion exchange membranes (AEMs) with highly ordered morphologies. At low volume fractions of ionic blocks, the ionomers formed lamellar morphologies, while at moderate volume fractions (≥30% for triblock and ≥22% for diblock copolymers) hexagonal phases with an ionic matrix were observed. Ion conductivities were higher through the hexagonal phase matrix than in the lamellar phases. Promising chloride conductivities (20 mS/cm) were achieved at elevated temperatures and humidified conditions.
■ INTRODUCTION
AEMs have attracted increasing interests due to numerous applications across many fields, such as photosynthesis, 1 water purification, 2,3 gas separation, 4, 5 and alkaline fuel cells. 6−10 Compared to the extensive studies on proton exchange membranes (PEMs), 11 fundamental understanding of the structure−performance relationship in AEMs is urgently needed. This requires well-defined ionic polymers for AEM preparation and investigation. The most widely used strategy of AEMs synthesis is through chemical modification of engineering polymers, such as polysulfone, 12−23 poly(ether ether ketone), 24 polyphenylene, 25−27 and poly(phenylene oxide). 28−33 Other strategies include direct polymerization to synthesize homopolymers 34 or random copolymers. 35−39 In addition, cross-linked materials have also been reported, where better mechanical properties, higher ion content, controlled water sorption, and reduced fuel crossover could be achieved. 40−48 However, although good membrane performance has been achieved, the disordered nature of these materials still hinders a complete understanding of the anion transport mechanism.
As demonstrated in PEMs, microphase separation can promote ion transport and water diffusion. 49, 50 Recent research has discovered similar effects in AEMs. A few examples of multiblock poly(arylene ether)s were prepared by polycondensation. 51−54 Faster anion transport was observed in ordered structures compared to random copolymer counterparts. Similarly, triblock copolymers with polysulfone as the midblocks were prepared by polymer coupling and displayed improved anion conductivities. 55 Modifying precursor block copolymers via chloromethylation or bromination and subsequent quaternization resulted in ionic copolymers with promising conductivities. 56−58 Knauss et al. 59 and Xu et al. 60 reported block and graft copolymers from end-functionalized poly(phenylene oxide), and good mechanical strengths were achieved together with remarkable anion conductivities. Direct polymerization was utilized to synthesize ionic liquid based poly(methyl methacrylate) block copolymers. 61, 62 It was found that in weakly segregated block copolymers nanoconfinement significantly enhanced anion transport. Strongly segregating block copolymers were cross-linked via ring-opening metathesis polymerization to provide disordered bicontinuous morphologies. 63 Excellent anion conductivities were achieved, despite the fact that these materials were no longer processable. In the materials discussed above, it was difficult to directly correlate the nanostructure with the ion transport behavior because of the lack of long-range order.
Well-defined morphologies were observed in a few reports. Polystyrene (PS)-based imidazolium and ammonium block copolymers were synthesized by controlled polymerization and quaternization reactions. 64 Investigation under anhydrous conditions demonstrated that the morphologies, including the connectivity and long-range order, significantly affected the conductivity. However, these materials showed limited solution processability. Balsara et al. 65, 66 synthesized PS block copolymers using controlled polymerizations, where the bound ion effect was investigated in lamellar morphologies. Coughlin et al. used atom transfer radical polymerization to chain extend PS macroinitiator with vinylbenzyltrimethylammonium and observed ordered lamellar and hexagonal morphologies. 67 A transition of ion conduction was found at low humidities. An interesting PS block copolymer carrying cyclopropenium was reported, where the ionic block with 50% weight fraction formed the matrix in the hexagonal phase, where no detailed discussion on morphological effects was provided. 68 In anhydrous ion transport materials, it has been shown that 3-D continuous ionic domains can provide higher conductivity values than 1-D or 2-D channels. 69, 70 In water-assisted ion transport materials, experimental comparisons have been conducted on the minor phases in spherical and cylindrical morphologies, together with lamellae, while the matrices of cylindrical and spherical phases were scarcely investigated. This was likely due to the fact that the formation of matrices require a high volume fraction of the ionic block and can lead to excessive hydration and loss of mechanical integrity upon water sorption. The overswelling effect can possibly be suppressed by using a less hydrophilic ionic species. At the same time, introducing appropriate Columbic interactions 71−74 or conformational asymmetry 75, 76 was demonstrated to effectively shift the morphological phase diagrams, using both theory and experimental methods.
In addition, we consider that solvent processability could possibly introduce ease in membrane fabrication, domain alignment, and catalyst/electrode assembly. This had been emphasized in tuning the performance of proton exchange membrane devices. 77−80 It appeared that most solventprocessable ionic block copolymers were achieved based on polystyrene, as a consequence of the limited options of solvents for the ionic block. The key to unlocking the solubility challenge might be the identity of the cation.
Random copolymers containing phosphonium ions were processed in solution state with moderate to excellent base stabilities. 37, 38, 81 Homopolymer and block copolymers containing benzyltrioctylphosphonium was discovered to be soluble in THF. 82 As reported by Yan et al., polysulfone and poly-(phenylene oxide) with a pendant benzyl tris(2,4,6-trimethoxyphenyl)phosphonium (BzAr 3 P + ) could be solution processed both as a membrane and as a high performance catalyst ink. 22, 33, 35, 83 The promising solubilities of phosphonium cations in various organic solvents enable the usage of other hydrophobic blocks to replace the brittle PS. Promising stability and conductivity were found on the polysulfonecontaining BzAr 3 P + , which were attributed to the strong electron-donating effect of the methoxy groups. On the basis of this robust cation, we devised an efficient synthetic route of block copolymers containing BzAr 3 P + ions and demonstrate solution processing to obtain ordered morphologies. Isoprene was used as the hydrophobic block because of the potential strong phase separation with polyions and attendant mechanical flexibility.
■ EXPERIMENTAL SECTION Materials. Isoprene was distilled and stored under −30°C before use. CMS (mixture of para-and meta-isomers) and St were passed through basic alumina and stored at −30°C before use. Thermal initiator 2,2′-azobis(2-methylpropionitrile) (AIBN) was recrystallized from MeOH and stored at −30°C. Other chemicals were used as received. 1,4-Bis(n-butylsulfanylthiocarbonylsulfanylmethyl)benzene (CTA-1), 2-cyano-2-propylbutyl trithiocarbonate (CTA-2), and Sbenzyl-S′-butyl trithiocarbonate (CTA-3) were synthesized using previously reported methods.
84−86
Homopolymerization of CMS. A typical homopolymerization of CMS was as follow. CMS (6.05 g, 39.7 mmol) was mixed with CTA-3 (331 mg, 0.761 mmol) and AIBN (8.3 mg, 0.051 mmol) in a tube. After purging with dry nitrogen for 20 min, the tube was immersed in an oil bath at 70°C for 16.5 h and then quenched in an ice bath. A small aliquot was removed for conversion study, and the rest was diluted with THF and precipitated into hexanes twice to remove residual monomer. After drying in a vacuum oven at room temperature for at least 24 h, PCMS (4.96 g) was obtained. End-group analysis was used to determine the molecular weight (MW), and the Đ was determined by SEC against PS standards.
Synthesis of Block Copolymers. A representative procedure was as follows. Telechelic PCMS precursor (MW = 10.5K, 1.155 g, 0.11 mmol) and di-tert-butyl peroxide (dtBP, 5 μL, 0.027 mmol) were dissolved in the mixture of isoprene (40 mL, 0.40 mmol) and THF (10 mL). Five cycles of freeze−pump−thaw were applied to degas the mixture. Then the reaction was tightly sealed under vacuum and heated to 125°C for 36 h. The mixture was diluted with dichloromethane and slowly dropped into methanol. The yellow product (5.88 g) was collected and dried under vacuum for at least 48 h at room temperature. 1 H NMR was performed to measure the degree of polymerization (DP) of isoprene and SEC to measure Đ. The details are summarized in Table S5 (Supporting Information) .
Polymer Quaternization and Membrane Casting. All quaternization reactions were conducted in the dark. A typical procedure was simply mixing 202 mg of P(CMS 13.2 -ran-St 14.7 )-bPIp 322 , 60 mg of tris(2,4,6-trimethoxyphenyl) (Ar 3 P), and 1.5 mL of chloroform and stored at ambient temperature for at least 24 h. A small aliquot was dissolved in chloroform for 31 P NMR analysis (Supporting Information). The rest of the solution was cast onto a clean polytetrafluoroethylene sheet directly to dry slowly overnight, and the membrane was then peeled off the substrate.
Ion Conductivity Measurement. The in-plane conductivity of the membranes was calculated using electrochemical impedance spectroscopy to measure membrane resistance as given by the equation
where R is the membrane resistance, l is the distance between the electrodes, W is the width of the membrane samples, and t is the thickness of the sample. Impedance spectra were obtained over a frequency range of 1−10 6 Hz using a four-electrode test cell connected to a BioLogic VMP3 multichannel potentiostat. The measurements were made in a TestEquity environmental chamber to control sample temperature and humidity. The resistance of the membrane was determined from the low-frequency intercept of the Nyquist impedance plot. Experiments were performed at constant relative humidity 95% RH, varying the temperature from 30 to 90°C.
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Article Small-Angle X-ray Scattering (SAXS). SAXS were performed at The Basic Energy Sciences Synchrotron Radiation Center (BESSRC) at the Advanced Photon Source at Argonne National Lab on beamline 12 ID-B. A Pliatus 2M SAXS detector was used to collect scattering data with an exposure time of 1 s. The X-ray beam had a wavelength of 1 Å and power of 12 keV. The intensity (I) is a radial integration of the 2D scattering pattern with respect to the scattering vector (q).
Temperature and humidity were controlled within a custom sample oven as described previously. 87 Typical experiments studied three membrane samples and one empty window so a background spectrum of the scattering through the Kapton windows and nitrogen environment could be obtained for each experimental condition. The humidity of the sample environment was controlled by mixing heated streams of saturated and dry nitrogen. Sample holders were inserted into an oven environment of 60°C and <10% relative humidity. The samples were allowed to dry for 40 min before X-ray testing were taken. Relative humidity was then ramped to 25%, 50%, 75%, and 95% while the temperature was maintained at 60°C. The equilibrium time before taking an X-ray spectrum was 20 min between dry, 25%, and 50% and increased to 40 min between 50%, 75%, and 95% RH. Soaked membranes were dipped in water for at least 12 h and quickly mounted to the sample holders at 95% RH and subjected to SAXS testing.
Transmission Electron Microscopy (TEM). TEM was performed on samples prepared using a Leica UCT ultramicrotome equipped with a cryostage. Sections approximately 50 nm in thickness were cut using a Diatome diamond knife. High-angle annular dark field scanning TEM (HAADF STEM) was performed using a JEOL JEM-2100F TEM, operated at 200 kV. A Gatan 806 HAADF STEM detector was used to collect the dark field images. The TEM was operated at 200 kV, with a 40 μm condenser aperture, a HAADF STEM collection angle of 36−126 mrad, and spot size of 0.2 nm. A Gatan digital micrograph was used to collect and analyze the data. In dark field images, high-Z regions appear bright and low-Z regions are dark.
■ RESULTS AND DISCUSSION Polymer Synthesis. Two possible strategies can be adopted to prepare phosphonium-based copolymers: direct polymerization of a BzAr 3 P + monomer or postpolymerization modification of a precursor polymer. For the former approach, quaternization of p-chloromethylstyrene with Ar 3 P (Ar = 2,4,6-trimethoxyphenyl group) resulted in a 91% yield of styrenebased BzAr 3 P + monomer. However, the radical polymerization of this monomer was too sluggish to be a practical preparative method. As an alternative synthetic approach to prepare the phosphonium homopolymers, we first homopolymerized CMS followed by quantitative quaternization with Ar 3 P, as confirmed by the disappearance of the CH 2 wagging band featuring CH 2 Cl at 1265 cm −1 in IR spectroscopy. The fully quaternized homopolymer was soluble in a wide range of solvents: DMF, alcohols, and acetone together with dichloromethane and chloroform/methanol mixtures (Table  S2 , Supporting Information). The solubility suggested the opportunity of synthesizing soluble ionic block copolymers containing phosphonium ions. The density of the phosphonium homopolymer was measured to be 1.20 ± 0.03 g/cm 3 . The RAFT polymerization technique was chosen for block copolymer synthesis due to its functionality tolerance and mild reaction conditions. 88 Block copolymers were synthesized by sequential polymerization mediated by trithiocarbonates. 61 Chloromethylstyrene was polymerized as the quaternizable monomer. Isoprene was selected to construct the hydrophobic component, for material flexibility and chemical stability. In the first step, CTA-1 was employed for the preparation of telechelic PCMS (with one trithiocarbonate group at each chain-end), while CTA-2 was used to synthesize hemitelechlic PCMS (with one trithiocarbonate group only at the ω-end). It was noticed that CTA-1 resulted in broader MW distributions compared to CTA-2 (Table 1) . This phenomenon was caused by the slow fragmentation to generate a benzylic radical as the new propagating center. Thus, at the early stage of polymerization, there was a slow generation of polymer chains. Though broader dispersities were observed, CTA-1 was still efficient for the synthesis of telechelic PCMS chains with trithiocarbonates at each chain-end.
The PCMSs were then subjected to chain extension with isoprene at 125°C for fast chain propagation. It was realized that the radical generation rate from thermal initiator intrinsically affected the polymerization control. 89−91 To accommodate the polymerization temperature, di-tert-butyl peroxide (dtBP) was chosen for its elongated half-life. In H NMR spectroscopy, the aromatic region of the polyisoprene produced was integrated to be 4.9 when calibrating the end-group methylene as 2.0 (Figure 1) , which was very close to the theoretical value 5:2. This indicated that BzCl was barely incorporated into polyisoprene (PIp), which further agreed with the low Đ = 1.34, similar to that in a typical isoprene homopolymerization. 89, 90, 92 It was reasonable to conclude that BzCl sites were inert under the isoprene polymerization conditions. On the basis of the above study, diblock copolymers and symmetric triblock copolymers were synthesized by chain extension with isoprene from PCMS macro-CTAs at 125°C.
The results are summarized in Table 1 . With relatively low MWs, PCMS and P(CMS-ran-St) were synthesized, considering that the quaternization reaction with Ar 3 P will significantly increase the final MW. The ratio of isoprene to CMS was tuned to cover a range of volume fractions after quaternization reactions, to enable the investigation of material morphology. It was observed that when the styrenic polymers were chain extended with isoprene, the MW dispersities were raised. It was partly due to the calibration method, which overestimated the MW of PIp. 93 Another contributing factor was that the loading of initiator was relatively high (Table S5 , Supporting Information), which led to radical termination as well as the formation of extra PIp chains. Finally, the reversible chain transfer rate is slow in isoprene RAFT polymerization, especially when the MW went high; the increased viscosity impeded reversible chain transfer by limiting the chain-end diffusion.
The block copolymers were mixed with Ar 3 P and stirred in chloroform solution for more than 24 h. The reaction was conducted in the dark to avoid side reactions. Unfortunately, the fully quaternized copolymers were very brittle after casting, which was possibly due to the bulky size of BzAr 3 P + . To prepare membranes with reasonable flexibility, only ∼0.5 equiv (relative to the amount of benzyl chloride moieties) of Ar 3 P was added to react with the copolymers. After quaternization, 31 P NMR analysis of the reaction mixture demonstrated that the conversion of Ar 3 P was almost quantitative ( Figure S4 , Supporting Information). The degree of quaternization was estimated by the feeding ratio of Ar 3 P to benzyl chloride sites and confirmed by 31 P NMR. The final products of the synthesis described here had a random block of CMS and styrenic BzAr 3 P + (Scheme 1). The resulting ionic copolymers were all soluble in dichloromethane and chloroform, which provided opportunities for solution processing. An alternative synthetic strategy was to use a random copolymer of St and CMS as the ionizable block to decrease the density of BzAr 3 P + groups. Similar chain extension reactions were used to synthesize PIp-b-P(CMS-ran-St)-b-PIp and P(CMS-ran-St)-b-PIp. The quaternization reaction was performed using 1.07−1.10 equiv of Ar 3 P relative to the chlorine atoms to ensure quantitative quaternization.
Morphology Characterization. The quaternization reaction mixtures were directly cast onto clean polytetrafluoroethylene sheets. After drying the films, transparent and uniform AEMs were obtained. The morphologies were analyzed using SAXS. Well-ordered microphase-separated morphologies were achieved despite relatively low DPs, suggesting a large χ parameter between PIp and the ionic block. Although the chloroform evaporation rate was relatively fast, sharp primary peaks and higher order peaks were observed. For example, AEM 4 displayed a lamellar morphology with the peak position ratios of 1:2:3:4:5:6 ( Figure 2 ). The high-order peaks indicate long-range order. This was presumably a result of the fast selfassembly kinetics. The fourth-order peak was suppressed due to the form factor canceling out the structure factor (Supporting Information, Figure S5 ). The d-spacing of AEM 4 was 26.2 nm, which gave a thickness of the ionic domain being approximately 6.6 nm. This thickness was close to the estimated contour length (9.8 nm) of the midblock, indicating the high chain rigidity of the ionic polymer segment. No sign of ion cluster was observed by SAXS due to the distributed positive charge on the bulky cations, which suppressed the driving force for clustering. It was also found that the membrane morphologies were not impacted by the changes in environmental humidity, as indicated by red trace for <5% RH and broken blue trace for Figure 2 , which could be important for the dimensional stability upon hydration in applications like fuel cells. This was because of the reduced hydrophilicity of the BzAr 3 P + cation due to the steric side groups. The morphological results were far from those predicted based simply on volume fractions. The morphologies and volume fractions of the various membranes are listed in Table  1 . For a triblock copolymer, lamellar and hexagonal morphologies were observed at low and moderate ionic volume fractions, respectively, with the transition point seeming to be ∼30%. The SAXS profiles of AEM 7 are shown in Figure 2 as an example, where peak position ratios were measured to be 1:√3:√4:√7. Similarly, this membrane showed no obvious response to water vapor treatment. Further evidence of a hexagonal morphology was achieved by dark field imaging TEM on AEM 11 (Figure 3a) . Both hexagonally packed circles and parallel lines were found, demonstrating the presence of ordered cylindrical domains. In addition, the ionic domain, white contrast, was the continuous matrix despite the much lower volume fraction than that of the PIp blocks. This phenomenon was attributed to two factors. The first one was the conformational asymmetry of the block copolymers, which was caused by the bulky size of the BzAr 3 P + ion. The end-toend distances of the ionic blocks were calculated to be approximately proportional to the DPs, which indicated that the Kuhn length of the ionic blocks should be larger than the end-to-end distances observed here. The asymmetry ratio ε was estimated to be >7, which is expected to dramatically shift the phase diagram. 75 Also important might be the electrostatic interaction between the ionic species. Using a hybrid selfconsistent field theory and liquid state theory, it was recently demonstrated that electrostatic forces are able to shift the phase diagram substantially. 71 Experimentally, salt doping has been widely observed to shift block copolymer nanoscale morphologies, [72] [73] [74] 94, 95 and hexagonal phases with ionic matrix were also observed in block copolymers with ionic volume fraction being ∼50%. 67, 93 However, there have been no experimental reports showing continuous ionic domains at volume fractions as low as those observed in this work.
95%RH in
It was also found that in diblock copolymers the ionic blocks had an even greater tendency to form the continuous phase. Lamellar morphology, evidenced by both multiple peaks in SAXS and imaging by TEM (Figure 3b ), was achieved in AEM 9 with the ionic volume fraction being just 13%. Similar to triblock copolymers, no ionomer peak and little response to water vapor was detected. However, it seemed that the lamellar/hexagonal transition shifted to f ≈ 21%. This was attributed to the effect of polymer architecture. Theory suggests the outer blocks of a symmetric triblock have a greater tendency to form the continuous matrix compared to a diblock counterpart. 97 Conductivities. Three AEMs were investigated in Cl − conductivity tests at 95% RH by impedance spectroscopy (Table 2) . Among them, AEM 1 and 2 were in lamellar morphology (Figure 4a ). It was observed that at all testing temperatures AEM 2 showed higher conductivities than AEM 1. This was explained by the fact that AEM 2 possessed a higher 
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Article IEC, which means it has more ions transporting across the material and thus displayed higher conductivities. However, AEM 8 seemed to be different. It was in a hexagonal phase as shown in Figure 4a , although it had similar ionic volume fraction and IEC with AEM 2. The morphological difference was attributed to the effect of polymer architecture on self-assembly as mentioned above. In addition, AEM 8 possessed a comparable d-spacing, which was a result of its MW being approximately half of that in AEM 2. This facilitated direct comparison between those two materials. It was found that AEM 8 provided much higher conductivities. The difference could not be attributed to the minor difference in the IECs, since the conductivities of AEM 1 and AEM 2 were measured to be of the same order, and thus the morphology was presumably the dominating factor. When Cl − transported through the hexagonal phase in AEM 8, the continuity of the matrix facilitated the ion motion compared to lamellar phases due to two factors. First of all, the anion conduction in AEM 1 and AEM 2 is constrained by the orientation of the lamellae, while the hexagonal phase has a 3-dimensionally continuous matrix so that the ions can move freely in any direction. Additionally, from the perspective of the ionic domain shown in Figure 4b , there is either continuous or discontinuous junction across certain grain boundaries in a lamellar phase material, which are ion conductive and nonconductive, respectively, while only the continuous junction exists in a hexagonal phase membrane (Figure 4b ). This suggests that the matrix of a hexagonal phase can be a good candidate for unperturbed ion conduction.
The highest conductivity achieved was 20.6 ± 3.1 mS/cm at 90°C on AEM 8. This conductivity was comparable to other reported copolymers. A phosphonium ion random copolymer (IEC = 1.8 mmol/g) demonstrated 1.6 mS/cm of Cl − conductivity at room temperature. 38 In ammonium ion containing block copolymers with low-T g hydrophobic blocks, Cl − conductivities were reported as high as 5 and 13 mS/cm at 30°C, with the IECs being 2.0 and 2.4 mmol/g, respectively.
57, 58 In the high-T g PS-based materials, both imidazolium and ammonium block copolymers (IEC ≈ 2.4 mmol/g) showed similar Cl − conductivities of ∼15 mS/cm at 70°C, 65 while a cyclopropenium polymer (IEC = 1.3 mmol/g) had a conductivity of 4 mS/cm at room temperature. 68 Using the same setup in this work, an optimized blend of poly(phenylene oxide) and ammonium-based polystyrene block copolymer (IEC = 1.3 mmol/g) was previously reported with a chloride conductivity of 18 mS/cm at 60°C, 98 which was in good agreement with other literature results. When taking the low IECs into consideration, our material was effective in anion transport. This was attributed to the continuous morphology as well as the reduced bonding of Cl − to phosphonium ion due to the reduced cation charge density. The activation energies of these three AEMs were calculated to be ∼10 2 kJ/mol, significantly higher than most well-hydrated AEMs, 52, 58, 65, 68, 99 while closer to anhydrous anion conducting materials. 100, 101 This was because of the reduced hydrophilicity of the phosphonium cations, to which inadequate water was absorbed. Ion exchange into other more hydrophilic counterions, such as hydroxide and fluoride, is expected to enhance the conductivity and decrease the activation energy.
■ CONCLUSION
The RAFT synthesis of linear block copolymers based on CMS and isoprene is reported. Irreversible chain transfer to BzCl sites was absent. Quaternized block copolymers were cast from chloroform to form AEMs with well-ordered microphaseseparated morphologies. It was found that the phosphonium cations afforded the polymers excellent solubility and fast selfassembly behavior, which led to convenient solvent processability. The phosphonium block preferred to form the continuous domain even at low volume fractions, which was caused by both its conformational asymmetry with the PIp blocks and the electrostatic interactions. The hexagonal phase with phosphonium matrix transported anions faster than lamellar morphology, which was attributed to the 3-dimensional continuity and the absence of nonconductive junctions at grain boundaries. Promising conductivities were achieved at elevated temperatures under hydrated conditions. ■ REFERENCES
